We have shown previously (Lomniczi et al., J. Virol. 52:198-205, 1984) that the Bartha vaccine strain of pseudorabies virus has a deletion in the short unique (Us) region of its genome-a deletion that is related to the absence of virus virulence. This strain is, however, also defective in other genes involved in virulence. Pseudorabies virus (PrV) (herpesvirus suis) causes Aujeszky's disease in swine, which results in severe economic losses. Vaccination with attenuated strains of the virus is practiced in most countries, including the United States. Several attenuated strains have been isolated by repeated passage in embryonated eggs or in cell culture. In general, these attenuated strains do not cause disease in swine and provide varied degrees of immunity against superinfection with virulent strains (8).
nucleocapsid assembly is defective in the Bartha strain and that this defect contributes to the lack of virulence of this virus.
Pseudorabies virus (PrV) (herpesvirus suis) causes Aujeszky's disease in swine, which results in severe economic losses. Vaccination with attenuated strains of the virus is practiced in most countries, including the United States. Several attenuated strains have been isolated by repeated passage in embryonated eggs or in cell culture. In general, these attenuated strains do not cause disease in swine and provide varied degrees of immunity against superinfection with virulent strains (8) .
We have undertaken a series of studies designed to elucidate the genetic basis for the lack of virulence of some of the vaccine strains of PrV. The aims of these studies are to identify the functions of the genes responsible for the expression of virulence. We have shown previously that one vaccine strain, Bartha, has a deletion in the short unique region (Us) of its genome (approximate map units 0.855 to 0.882) that is related to its lack of virulence (16) . A similar observation has also been made by Berns et al. (4) . However, the deletion in the Us in the Bartha strain is not the only lesion that is responsible for its lack of virulence (16) ; restoration of the deleted sequences to the virus genome restores to it a limited ability to grow in chicken brains but does not restore its ability to kill day-old chickens when inoculated intracerebrally (16) .
The experiments described in this paper were designed to identify the other region(s) of the Bartha genome that has been modified, resulting in defective functions and contributing to the avirulence of this strain.
We show here that the Bartha vaccine strain, in addition to being defective in functions encoded by a sequence in the Us (which is deleted), is also defective in a gene that appears to be involved in nucleocapsid assembly.
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MATERIALS AND METHODS
Virus strains and cell culture. PrV(Ka) is a strain which has been carried in our laboratory for more than 25 years; its origin is uncertain (11 Marker rescue was performed as described previously (10) .
Immunoprecipitation. Immunoprecipitation was performed by the method of Kessler (12) as described previously (9) . Antibodies against capsids were obtained by intramuscular injection of purified empty capsids in rabbits (14) .
Determination of LD5o. Tenfold dilutions of the virus stocks were injected intracerebrally (0.05 ml) into day-old Hubbard strain chickens (five per dilution). The number of animals dead by 2 weeks after inoculation was determined, and the 50% lethal dose (LD50) was calculated by the Reed and Muench method (16a).
Electrophoresis of RNA for Northern transfers. RNA was denatured, glyoxylated, and electrophoresed in 1% agarose gels. The RNA was transferred to nitrocellulose by the method of Thomas (17) .
Purification of cytoplasmic and polysomal RNA. Cytoplasmic and polysomal RNAs were purified as described previously (6 essentially as described by Belle Isle et al. (1) . Translation in vitro was performed in mRNA-dependent rabbit reticulocyte systems as described previously (16) . Urea and sodium dodecyl sulfate (final concentrations, 1 M and 2%, respectively) were added to the protein samples, which were boiled for 2 min and then reduced by incubation with dithioerythritol (final concentration, 0.01 M) at 37°C for 30 min. The proteins were then electrophoresed in polyacrylamide gels as described previously (14) . Table 2 ), indicating that a defect involved in virulence is present in this strain within the sequences of BamHI fragment 4. Analysis with restriction enzymes of the BamHI fragment 4 derived from the DNA of the Bartha and PrV(Ka) strains did not reveal differences in restriction patterns that might indicate that a deletion was present in the genome of the Bartha strain (data not shown).
RESULTS
Individual plaques were picked from the population of virions isolated from the brains of chickens inoculated with the Bartha 43/25a strain that had been rescued with BamHI fragment 4, and the LD50 of these plaque-purified virions (Bartha 43/25a BamHI-4/7, -4/17, and -4/18) was determined (Table 3) . Although these plaque isolates were virulent, their LD50 was approximately 50-fold higher than that of the virulent PrV(Ka) laboratory strain or two other primary virus isolates (PrV53 and PrV90) ( Table 3) .
Virulence of the marker-rescued Bartha strains for pigs. Although it was unrealistic because of the expense to test virulence in pigs during the initial phase of these studies, once we had obtained marker-rescued virus isolates that were virulent for chickens, we proceeded to test them for virulence in pigs-the natural host. Whereas the Bartha and Bartha 43/25a (Bartha with an intact Us) strains were nonvirulent, the doubly rescued Bartha strain (Bartha 43/25a Bam HI-4/7) was virulent for piglets (Table 4) . Thus, the defect in the Bartha genome that is rescued by sequences present in BamHI fragment 4 is necessary for the expression of virulence in both chickens and the natural host.
Growth in vitro of the marker-rescued Bartha strains in various cell types. The ultimate aim of the experiments described in this paper is to identify the functions of PrV that affect virulence without affecting the ability of the virus to grow in cell culture. Therefore we compared the ability of the avirulent and virulent rescued Bartha strains to grow in different cell types in cell culture. We also determined their ability to grow in the brains of chickens after i.c. inoculation. Tables 2 and 3 show that virulence can be restored to the Bartha 43/25a strain by cotransfection with BamHI fragment 4. The experiments described below were performed to identify the functions encoded in BamHI fragment 4. The aim of these experiments was to identify the functions that may be defective in the Bartha strain that contribute to its lack of virulence.
We have shown previously that mutants belonging to four different complementation groups, 11, 12, 13, and 14, can be rescued by cotransfection with BamHI fragment 4 (3, 10). The mutants in these four complementation groups complement one another well and recombine with one another at relatively high frequency, indicating that complementation is not intragenic (3, 10) . Mutants in three out of these four complementation groups are defective in the assembly of capsids; one mutant encodes a temperature-sensitive capsid protein (142K) (14) . The mutants in all four complementation groups are DNA positive and all are defective in the cleavage and encapsidation of concatemeric DNA (13, 14) . Thus, mutants belonging to all four complementation groups that are rescued by BamHI fragment 4 are defective in the assembly of nucleocapsids.
BamHI fragment 4 appears to encode only four mRNAs (Fig. 2) . Thus, at both early (2 h) and late (5 h) stages of infection, the same four RNA species can be detected in the cytoplasm of the infected cells. Furthermore, the same RNA species are polysome associated at both early and late stages of infection. Overexposure of autoradiograms prepared with several different RNA preparations did not reveal the consistent presence of any other RNA bands.
The mRNA species originating from BamHI fragment 4 were selected by hybridization and were translated in vitro. Figure 3 shows the polyacrylamide gel electrophoresis pattern of the proteins synthesized by reticulocyte lysates primed with total cytoplasmic RNA from infected cells as well as those primed with the same RNA that had first been selected by hybridization to BamHI fragment 4. The polyacrylamide gel electrophoresis pattern of the proteins syn- 2.1 kb thesized in vitro with two different RNA preparations obtained from the cytoplasm of infected cells varied somewhat, probably because of differences in the degree of virusinduced degradation of cellular mRNAs between the two experiments. Translation of the RNA that had been selected with BamHI fragment 4 yielded three protein bands, approximately 142, 62, and 32 kilodaltons in size; these are also the approximate molecular sizes of the major virus capsid proteins (14) . (Although some other minor bands can also be seen, these were not reproducibly obtained and were seen also in some cases when RNA selected with other restriction fragments of PrV were translated in vitro.) All three major proteins synthesized in vitro by RNA selected with BamHI 4 . PK cells were infected (10 PFU/cell) and at the indicated times after infection (2 or 5 h), the cells were harvested, and the nuclei were separated from the cytoplasm. In some cases the polysomes were isolated from the cytoplasmic fractions. The RNA was purified as described previously (6 another protein (in addition to the three capsid proteins) must also be specified by this region of the genome. Although we do not know the identity of this protein, the evidence obtained from the analysis of temperature-sensitive mutants (see above) indicates that this protein is also involved either in capsid assembly or in cleavage of concatemeric DNA (i.e., nucleocapsid assembly).
The results described above show that BamHI fragment 4, which restores virulence to Bartha 43/25a, appears to encode only four genes, all of which are involved in nucleocapsid assembly. These results suggest that the function deficient in the Bartha strain that is required for the expression of virulence is involved in nucleocapsid assembly. It appears therefore that in certain cases modification of a protein involved in nucleocapsid assembly may play a role in the expression of virulence.
DISCUSSION
The experiments presented in this paper deal with the identification of the lesions contributing to the lack of virulence of the Bartha vaccine strains of PrV. As a first step, we identified the regions of the genome of wild-type virus which would restore virulence to this strain by marker rescue. Our previous studies dealing with the genetic basis of the attenuation of vaccine strains showed that a region in the Us is deleted from the Bartha vaccine strain and that this region plays a role in the virulence of this strain (16). Berns et al. (4) have reached a similar conclusion. However, the deletion in the Us in the Bartha genome is not the only defect in this virus which contributes to its lack of virulence (16); this vaccine strain is multiply defective.
We show here that the Bartha strain to which an intact Us has been restored, but not the parental Bartha strain, can be converted to a virulent strain by marker rescue with sequences derived from BglII fragment B or BamHI fragment 4 (approximate map units 0.460 to 0.505). These results show that the Bartha strain is defective in a gene(s) encoded within these sequences. Furthermore, they also confirm our previous conclusion that the sequences in the Us that are deleted from the Bartha strain are essential for the expression of virulence in this strain.
Only partial restoration of virulence was obtained by marker rescue of Bartha 43/25a with BamHI fragment 4. It is clear therefore that although a function involved in virulence is located within BamHI fragment 4 it is likely that the Bartha strain, in addition to being deficient in functions mapping in the Us and BamHI fragment 4, is defective in yet another function required for the expression of high levels of virulence.
The doubly rescued Bartha strain is not only virulent for chickens inoculated i.c. (the model system we have used to test virulence) but has also acquired virulence for pigs (the natural host). Whereas the parental Bartha and the Bartha with an intact Us were both avirulent for chickens and pigs, the doubly rescued Bartha was virulent for both. Thus, good correlation was obtained in this case between virulence for chickens and pigs.
No difference in the ability of all three variants to grow in cell culture was observed. However, whereas all three variants replicated well in CEF in culture, only the virulent doubly rescued Bartha replicated to high titers when inoculated directly into the brains of chickens. Thus, whereas the functions defective in Bartha do not affect its ability to grow in chicken cells, the virus cannot replicate in chickens in vivo.
BamHI fragment 4 appears to specify four proteins only, all of which are involved in nucleocapsid assembly. This can be deduced from the following observations. (i) Mutants belonging to four different complementation groups are marker rescued by sequences within BamHI fragment 4 (10) , and mutants in all four of the complementation groups are defective in the assembly of nucleocapsids (13, 14) . (ii) Only four mRNAs originate from that region of the genome (Fig.  2) . These mRNAs are translated into three major capsid proteins of PrV (Fig 3) ; all three proteins are immunoprecipitated by antisera against purified PrV capsids.
Because BamHI fragment 4 appears to contain only four genes, all of which are involved in nucleocapsid assembly, and because a defect which contributes to the lack of virulence of the Bartha strain maps in BamHI fragment 4, it is likely that in this strain a protein that plays a role in nucleocapsid assembly is modified and contributes to the lack of virulence. The kind of role that modification in a protein involved in nucleocapsid assembly may play in virulence is uncertain. Since nucleocapsid assembly appears to occur in association with the cellular matrix (5), it is possible that interactions between virus and cell proteins during the assembly of the nucleocapsids are necessary. Whereas the Bartha strain grows well in cell culture (Table 5) and nucleocapsids are assembled efficiently in vitro in cells infected with this virus (unpublished results), this process could nevertheless be defective in certain specific target cells in vivo. Alternatively, the uncoating of the parental nucleocapsids, a process which also is mediated by cellular functions, may not occur readily in certain target cells infected with a virus whose capsid proteins have been modified somewhat.
Little is known about the factors that may affect virulence of the herpesviruses. We have shown previously (2) that genes encoded in the Us region of the genome of PrV, which are deleted from the Bartha strain, may play a role in the release of the virus from certain infected cells, and we have postulated that this may play a role in virulence. The results of the experiments presented in this paper show that a function involved in nucleocapsid assembly, which does not appear to affect the ability of the virus to grow in several different cell types in culture, may also play a role in virulence.
